The centrosomal protein γ-tubulin is part of the cytoplasmic γ-tubulin small (γ-TuSCs) and large complexes (γ-TuRCs). Both, molecular and cellular evidence indicate that γ-tubulin plays a central role in microtubule nucleation and mitotic spindle formation. However, the molecular mechanisms of complex formation and subsequent biological roles in animal development remain unclear. Here, we used γ-tubulin gene knockdown in the zebrafish early embryo model to gain insights into its activity and cellular contribution during vertebrate embryogenesis. γ-Tubulin loss-of-function impaired γ-TuSC formation, impacting the microtubule nucleation rate in vitro. Moreover, decreased γ-tubulin synthesis caused dramatic defects in nuclear dynamics and cell cycle progression, leading to developmental arrest at the mid-gastrula stage. At the subcellular level, microtubule organization and function were altered, affecting chromosome segregation and triggering cell proliferation arrest and apoptosis. Our results suggest that de novo translated γ-tubulin participates in γ-TuSC formation required for early animal development. Importantly, formation of this complex is essential for both centrosome assembly and function, and cell proliferation. Thus, γ-TuSC integrity appears to be critical for cell cycle progression, and concomitantly, for coordinating the many distinct activities carried out by the early embryo. Our findings identify a novel role for γ-TuSC in the regulation of early vertebrate embryogenesis, providing molecular and biochemical starting points for future in depth studies of γ-tubulin functionality and its specific role in development.
Introduction
γ-tubulin is one of the most characterized components of the eukaryotic centrosome. In collaboration with other proteins, this 50 kDa GTP-binding self-polymerizing protein acts as scaffold for microtubule assembly initiation at the pericentriolar matrix (PCM) (Aldaz et al., 2005; Dictenberg et al., 1998) . It is organized into large protein ring shaped complexes called γ-tubulin ring complexes (γ-TuRCs), with a molecular mass of~2 MDa, acting as a stable cytoplasmic scaffolds for α/β-tubulin polymerization. γ-TuRCs are constituted by several γ-tubulin subunits and six other gamma-tubulin-ring-proteins (Grips or tubgcp in zebrafish (Danio rerio)) Moritz et al., 2000; Moritz and Agard, 2001; Oakley, 1999; Oakley et al., 2015; Wiese and Zheng, 2006 , 1999 Zimmerman et al., 2004) . The molecular composition of γ-TuRCs has been described in diverse organisms including Drosophila (Gunawardane et al., 2000; Oegema et al., 1999; Vogt et al., 2006) , Xenopus laevis (Zheng et al., 1995) , and humans (Murphy et al., 2001) . The available evidence supports that these complexes are primary built by smaller γ-tubulin complexes (γ-TuSCs) containing two γ-tubulin molecules and Grips 91 and 84 (Choy et al., 2009; Colombie et al., 2005; Guillet et al., 2011; Kollman et al., 2011; Moritz et al., 2000; Vogt et al., 2006) . Furthermore, γ-TuSCs are likely join together through direct interactions with other Grips, which are exclusively required for γ-TuRC formation. In Drosophila, it interacts with several additional proteins including Grips 128, 75, 71, and 163 (Colombie et al., 2005; Guillet et al., 2011; Oakley et al., 2015) . Despite these significant advances in the understanding of γ-tubulin complexes structure and spatial configuration, functional information regarding their biological roles in vivo remains uncertain.
In eukaryotic cells, γ-tubulin concentrates at the PCM, especially in mitotic cells (Oakley, 1999) . This protein is also distributed in the cytoplasm and Golgi apparatus' cis-face (Rivero et al., 2009) . Genetic and biochemical evidence indicates that γ-tubulin has a central role in microtubule nucleation and dynamics, as well as in mitotic spindle formation (Ahmad et al., 1994; Job et al., 2003; Moritz and Agard, 2001; Wiese and Zheng, 2006) . These mechanistic processes are carried out by the γ-tubulin large complexes, which display a higher microtubule nucleation activity in vitro when compared to small complexes (Oegema et al., 1999) . This model supports the idea that γ-TuRCs interact with the microtubules' minus end instead of the plus end (Keating and Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 1999) , modulating dynamic properties by a still unexplored molecular mechanism (Wiese and Zheng, 2000) .
To date, diverse approaches have been used to gain insights into γtubulin function. The effects of suppressing its expression have been analyzed in Caenorhabditis elegans, Drosophila, and mice (Hannak et al., 2002; Strome et al., 2001; Wilson and Borisy, 1998; Yuba-Kubo et al., 2005) , indicating that lower γ-tubulin expression alters mitotic spindle organization and cell cycle progression. However, γ-tubulin suppression does not completely block centrosomal microtubule nucleation, suggesting the existence of alternative nucleating mechanisms. Additionally, the effect of γ-tubulin silencing on the formation of γ-TuRCs and γ-TuSCs has not yet been investigated.
In relation to the contribution of γ-tubulin complexes to microtubules assembly and polymerization, evidence indicate that depletion of γ-TuRC components do not seem to participate in mitotic and meiotic aster formation (Vérollet et al., 2006; Vogt et al., 2006) , while γ-TuSC components appeared essential for spindle apparatus self-organization and integrity (Colombie et al., 2005) . This indicates that both complexes play different roles in the regulation of microtubule organization and dynamics, highlighting the necessity of additional investigations to better understand the exact role of these two γ-tubulin complexes at the molecular and cellular levels. Here, we used a gene knockdown strategy in the zebrafish early embryo to gain insights into the functional properties of γ-tubulin during vertebrate development. We found that γtubulin silencing impairs γ-TuSC complex formation, altering the proper assembly and function of the centrosome and mitotic spindle, impacting on embryogenesis progression and embryo survival. Therefore, and for the first time, this study highlights an important function of the γ-TUSC complexes during early embryogenesis, providing the basis for further in-depth studies of their contribution to vertebrate development.
Results

Maternal-zygotic γ-tubulin gene expression and dynamic protein localization during early embryogenesis
Most animal cells contain several γ-tubulin gene isoforms. Despite this potential functional redundancy, it is widely accepted that the microtubules nucleating function is carried out by only one γ-tubulin variant (Yuba-Kubo et al., 2005) . Indeed, redundant isoforms have been relegated to secondary roles during meiosis (Sunkel et al., 1995; Tavosanis et al., 1997) . In the zebrafish genome, only one γ-tubulin coding gene exists Lessman, 2007, 2008) , making this vertebrate model organism suitable for γ-tubulin studies: i) loss-of-function phenotyping studies and ii) biochemical and functional properties analysis. RT-PCR analysis revealed by electrophoresis in agarose gel showed that γ-tubulin mRNA is detected during the first 8 h of the zebrafish embryogenesis. B. qPCR analysis indicated that γ-tubulin mRNA expression levels were invariant during the first 8 h of zebrafish embryogenesis. β-actin and eef1a were used as reference genes. C. Immunoblot analysis showed that γ-tubulin protein is present during the cleavage (1-3 hpf) and post-MBT stages (3-8 hpf) of zebrafish development. Actin was used as a loading control. D-E. Fluorescence microscopy images of zebrafish embryos (2 hpf) double-stained with anti-γ-tubulin antibody (green) and DAPI (red). Metaphase (E), anaphase, and telophase (F) stages of the cell cycle are shown.
Analysis of the zebrafish genome database (Ensembl Acc. No.: ZDB-GENE-040426-836) confirmed that the single γ-tubulin gene maps to chromosome 3 (tubg1; ENSDARG00000015610). Both tubg1 mRNA and protein are expressed in the oocyte, egg, and early embryo during zebrafish development (Liu and Lessman, 2008) . Reverse transcription polymerase chain reaction (RT-PCR) assays confirmed the presence of tubg1 mRNA during early zebrafish development (1 to 8 h post fertilization [hpf]; Fig. 1A ). Additionally, quantitative polymerase chain reaction (qPCR) analysis revealed that the relative expression of γ-tubulin mRNA remained unaltered during the first 8 hpf (Fig. 1B) , compared to the expression of both tested housekeeping genes, β-actin (bactin2) and elongation factor 1-alpha (ef1a). Immunodetection analysis reinforced our previous result, showing that there were no significant variations in γ-tubulin protein expression levels during the first 8 h of development, compared to actin (actb1) expression levels (Fig. 1C ). It is worth to emphasize that the levels of γ-tubulin expression remained invariant even though activation of the zygotic genome (ZGA) occurs three hours post fertilization (Tadros and Lipshitz, 2009 ).
To gain insights into the spatial distribution of the γ-tubulin protein during early embryogenesis, we performed immunofluorescence staining at the blastula stage. In blastomeres, γ-tubulin was perinuclear, but this cellular localization changed drastically at the onset of the cell cycle ( Fig. 1D-E ). γ-Tubulin displayed single core specific pattern distribution during the mitotic prophase and metaphase ( Fig. 1D ), confirming conventional centrosome spatial organization. During the mitotic anaphase and telophase, γ-tubulin showed a more dispersed and punctuated distribution pattern (Fig. 1E ). These results revealed that γtubulin is dynamically localized during the progression of the cell cycle and during cleavage divisions in early zebrafish embryos, resembling and confirming the previously reported γ-tubulin organization during the zebrafish first-cell cycle (Lindeman and Pelegri, 2012) .
γ-tubulin silencing causes developmental arrest during gastrulation and impairs γ-TuSC formation
Systematic reverse genetic strategies developed for gene silencing, including antisense morpholino (Mo) knockdown, have been widely applied for loss-of-function studies in zebrafish. This method enables simplicity and reproducibility, and, if properly tritrated and controlled reduced toxicity (Corey and Abrams, 2001; Heasman, 2002) Further, it is an essential tool when studying maternally inherited transcripts, in the absence of viable adult mutant animals. We designed a 25 mer antisense Mo targeting the translation start site of the tubg1 mRNA coding sequence (tubg1-Mo; see Experimental Procedures). Importantly, we hypothesized that this strategy could prevent the translation of both, the maternally loaded and de novo transcribed zygotic tubg1 transcripts, since only one γ-tubulin isoform is present in the zebrafish genome. From the 1-cell to high-blastula stages of embryonic development, morphant embryos were indistinguishable from non-injected controls. However, phenotypic differences were observed after 8 hpf. Embryos injected with a high concentration (20 mM) of the tubg1-Mo exhibited developmental arrest at 40-60% epiboly, even though the embryos survived beyond 24 h post fertilization ( Fig. 2A ). The effect was reproducibly observed in the tubg1-Mo injected embryos as 60.2 ( ± 7.2)% of the animals exhibited this phenotype (Fig. 2B ). Incomplete knockdown phenotypes and normal embryos were also found in lower proportions ( Fig. 2A ). Injections with lower Mo concentrations (10 mM) increased the incomplete knockdown phenotype frequency (Fig. 2B) . In order to rule out possible off-target effects, a rescue experiment were done, in where 25 pg of purified γ-tubulin polypeptide were co-injected with tubg1-Mo (20 mM). A complete phenotype reversion were seen in 63.3% of the co-injected embryos, indicating that exogenous protein can replace the silenced γ-tubulin function, discarding off-targets effects (Fig. 2) .
To confirm γ-tubulin loss-of-function in morphant fish, the protein levels were measured as a readout of its synthesis. Western blot analysis showed that at 40% epiboly, total γ-tubulin protein levels were significantly decreased in morphant cytoplasmic extracts when compared to non-injected (40% epiboly) embryos (Fig. 3A) . A parametric one-way ANOVA test between control and morphant embryos confirmed a significant differences between morphants and controls (p < 0.05). This confirmed the Mo-mediated γ-tubulin mRNA translational blockage. To investigate potential changes in the formation of γ-tubulin complexes after gene knockdown, subcellular fractionation via ultracentrifugation in discontinuous glycerol density gradients were performed in both non-injected and morphant embryos during the first 4 h of embryogenesis. As described in Drosophila and X. leavis (Zheng et al., 1995; Moritz et al., 1998; Oegema et al., 1999; Gunawardane et al., 2000) , two populations of γ-tubulin aggregates were observed (Fig. 3B ). These protein fractionation profiles showed a lower density γ-tubulin population located between fractions 6 to 9, and a heavier density γ-tubulin population located between fractions 16 to 22, which corresponded to the γ-TuSC and γ-TuRC, respectively. Surprisingly, while γ-TuSC was completely absent in the morphant cytoplasm, γ-TuRC remained unaltered (bottom row, Fig. 3B ). This observation might suggest that γ-TuRCs are mainly built by the maternally-deposited protein during oogenesis and have a longer intracellular half-life after gastrulation. In contrast, the γ-TuSCs appeared mainly made by de novo mRNA transcription and subsequent translation, a process that was blocked by injecting the tubg1-Mo. Moreover, the ability of the embryo cytoplasm to nucleate microtubules was considerably affected in morphant compared with control embryos (Fig. 3C ). This suggests that newly synthesized γ-tubulin is required for the γ-TuSCs formation, process that might regulate a critical step in promoting centrosome and microtubules assembly, architecture, and function after the MBT.
γ-TuSC formation is critical for centrosome spatial organization and cell cycle progression during early zebrafish embryogenesis
To characterize the effect of γ-TuSC depletion on centrosome and microtubule spatial organization, immunofluorescence staining was performed at different embryonic stages. In the uninjected embryos, microtubules and γ-tubulin were mainly organized in the mitotic spindle apparatus and across the cytoplasm (Fig. 4) . At 2 hpf, morphant embryos showed normal centrosome and microtubule architecture (Fig. 4C, G) . As development proceeded, 4 hpf morphant embryos displayed severely altered γ-tubulin and microtubule organization. The spatial recruitment of γ-tubulin at the centrosome was replaced by perinuclear and cytoplasmic protein distribution (Fig. 4D ). Prophasic and metaphasic chromosomes, associated with multiple mitotic spindle-like structures, were ectopically detected (Fig. 4H) . Additionally, most blastomeres showed multiple nuclei, revealing serious disturbances in cell cycle progression and nuclear dynamics (Fig. 4D, H) . To better visualize microtubule organization in the embryonic cells, z-stack confocal projections were taken (Fig. 3I, J) . In the absence of γ-TuSC, microtubules were found as much longer and wider polymers, probably constituting a fragmented network that remained distributed throughout the cytoplasm without any apparent complex architecture. A similar phenotype has been observed in zebrafish embryos treated with Nocodazole (Strahle and Jesuthasan, 1993) , indicating a cytoskeleton defect provoked by the γ-TuSC depletion. At 8 hpf intubg1-Mo embryos nuclei size was at least 1.5-fold larger than normal, and most of the morphant blastomeres contained multiple nuclei and fragmented chromatin (Fig. 4L) . These observations indicate that the mechanism(s) regulating centrosome and mitotic spindle assembling during early cleavage divisions are under maternal control. However, after ZGA, the control of centrosome and cytoskeleton dynamics and spatial reorganization during cell and nuclear division relies on γ-TuSCs formation.
γ-TuSC depletion causes cell proliferation arrest and apoptosis
During development, γ-TuSC depletion disrupted the centrosome and subsequent microtubules organization, affecting cyto-and karyokinesis. Thus, we asked whether cell proliferation could also be affected by γ-tubulin gene knockdown. Cell proliferation was examined in living zebrafish embryos through the incorporation of 5-bromo-2′deoxyuridine (BrdU). At 4 hpf, control and morphant embryos were exposed to a 1 h pulse of BrdU, then fixed, and DAPI-stained for the observation of nuclei. The tubg1-Mo embryos showed diminished BrdU incorporation, indicating reduced blastomere proliferation (Fig. 5A) . This finding was consistent with the developmental progression defect observed in tubg1-Mo injected embryos (see Fig. 2A ). To determine a potential mechanism of cell death, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) experiments were performed at 8 hpf morphant embryos. Some of the morphant cells revealed an apoptotic response as a result of the γ-tubulin expression silencing, which was evidenced by TUNEL positive cells accumulating in the blastoderm (Fig. 5B) . However, only a small number of the embryonic cells showed apoptotic phenotype, indicating the onset of cell death may occur at later stages. The latter could explain why some morphants embryos die after 1-day post fertilization. Taking together, these results suggest a zygotic γ-TuSC formation-dependent mechanism governing cell cycle timing, and cell survival during gastrulation progression.
Discussion
Centrosome assembly and function during cell organization and proliferation are genetically controlled both spatially and temporally, in addition to being tightly regulated in a polarized-and intracellular location-dependent manner (Doxsey et al., 2005) . Despite the importance of centrosome functionality as a microtubules-organizing center, many aspects of its function, structure, and composition during development are largely unknown.
The present study provides evidence for the critical role of zygotic γtubulin during early zebrafish embryogenesis. Similar results have been reported in γ-tubulin loss-of-function mutants in other animal models, such as C. elegans (Hannak et al., 2002) and mice (Yuba-Kubo et al., 2005) . However, this is the first study where the oligomeric state of γtubulin complexes has been determined in the whole animal context.
Our results suggest that in spite of γ-tubulin mRNA is maternallydeposited during oogenesis and can be fully detected along the oocyteto-embryo transition Lessman, 2007, 2008) , the oocyte-derived γ-tubulin mRNA does not provide newly expressed proteins for centrosome formation during the first cell divisions, since no significant changes on its expression were detected in the morphant embryos. Therefore, the maternal contribution of γ-tubulin seems to be replaced by the zygotic counterpart at the onset of gastrulation, when physiological defects became evident in the morphants. This is supported by several investigation lines indicating that centrosome size is limited by the amount of components provided to the embryo by the maternal cytoplasm (Decker et al., 2011) .
Thus, our loss-of-function experiments revealed: 1) a link between the zygotic γ-tubulin gene product and γ-TuSC formation, and 2) that the functional activity of zygotic γ-tubulin is essential for cell cycle progression and survival even though maternal γ-tubulin protein is still present and likely forming part of the γ-TuRCs. Rescue experiments in embryos deficient in γ-tubulin, contribute to support this hypothesis.
γ-TuSCs exist as Y-shaped complexes composed mainly by two γtubulins and the accompanying proteins Gcp2 and Gcp3 (Choy et al., 2009; Guillet et al., 2011) . Nevertheless, the function of this biological machinery has not been described in detail to date. In addition, the functional contribution of the small and large complexes remains unresolved. Several hypothesis have pointed out that γ-TuSCs originate from the fragmentation of larger complexes (Moritz et al., 2000; Choy et al., 2009; Guillet et al., 2011) , and that these complexes are functionally indistinguishable from γ-TuRCs. In contrast, previous evidence reported by Vérollet et al. (2006) indicates a requirement for γ-TuRCs in the assembly of fully structured and functional mitotic spindles, but γ-TuSCs are still being targeted to the centrosome, where basic microtubules-organizing center activities are indeed maintained. Furthermore, γ-TuSC formation, but not γ-TuRCs, appeared essential for cell viability and cell cycle progression (Vérollet et al., 2006) . These findings, in complementation with those presented here, indicate that both complexes might accomplish different cellular functions.
In this work, we have identified two unprecedented and relevant molecular features of γ-TuSCs during embryogenesis: 1) these complexes appear to be necessary for the architecture and positioning of the functional centrosome and mitotic spindle and 2) adequate assembly and functioning promote the microtubule nucleating activity of the centrosome and its establishment as a primary microtubule-organizing center after ZGA. A link between nuclear components and γ-tubulin complexes in the regulation of microtubules nucleation supports this assertion (Forbes et al., 2015; Muroyama et al., 2016) .
Experimental procedures
RT-PCR and q-PCR analysis
Total RNA was isolated from zebrafish embryos (1-8 hpf) according to Lan et al. (2009) . cDNA was synthetized by using 2 ng of the purified RNA with the M-MLV Reverse Transcriptase Kit (Promega, USA) according to the manufacturer instructions. PCR and qPCR analyses were performed using the following primer pairs: β-actin-reverse TCTCTGT TGGCTTTGGGATT; β-actin-forward CCCAGACATCAGGGAGTGAT; γtubulin-reverse GGAGAGTCTTATGGACCTGT; γ-tubulin-forward GCA GACTGTGTGGTTGTGCT; eef1a-reverse GGATGATGACCTGAGCGTTG; and eef1a-forward CAGCTCAAACATGGGCTGG. For qPCR analysis, 1 μl of total cDNA was loaded for each reaction. The reactions were performed in an Stratagene Mx300pqPCR equipment with the use of ABsolute QPCR Mix reagent.
Morpholino-based γ-tubulin gene silencing
The tubg1-Mo was designed to target the start site of the tubg1 mRNA coding sequence (gi|28278938|gb|BC045486.1|): GAAUAACA GCAGGACGGGAUGCCUC. Morpholinos were synthesized by GeneTools, LLC. (USA). Single-cell zebrafish embryos were injected with 5 nL of 20 or 10 μM tubg1-Mo. Then, control and morphant embryos were simultaneously analyzed by stereomicroscopy. Random 25 mer morpholino was used as control-Mo. For phenotype rescue Fig. 5 . Cell proliferation arrest and apoptosis triggered in the absence of γ-TuSC formation. A. Zebrafish control and morphant embryos treated through the BrdU incorporation procedure. Embryos (8 hpf) were exposed to a BrdU pulse for 1 h, then fixed and treated for DNA labeling with DAPI (red) and immunolabeled for the incorporated BrdU (green). tubg1-Mo embryos did not incorporate BrdU in their DNA, indicating proliferation arrest. B. Apoptotic response revealed by TUNEL assay in embryos (8 hpf). The tubg1-morphant showed many clusters of cells positive for TUNEL stain (arrowheads) distributed throughout the blastoderm. experiments, human γ-tubulin polypeptide were expressed and purified as described by Pouchucq et al., 2018 . A mixture of tubg1-Mo (20 mM) and γ-tubulin polypeptide (5 μg/ml) were injected in Single-cell zebrafish embryos. As a control of these experiments, γ-tubulin polypeptide was injected alone, without generating evident alterations in the embryos development compared with the controls. Human and zebrafish γ-tubulin polypeptide sequences showed 98% of identity, allowing exogenous protein incorporation.
Immunofluorescence and immunoblot analyses
The anti-γ-tubulin clone GTU-88 and anti-α-tubulin clone B-5-1-2 monoclonal antibodies (Sigma-Aldrich, USA) were used for immunodetection (1:100 for immunofluorescence and 1:10000 for immunoblot). The anti-actin polyclonal antibody (1:100) and anti-BrdU antibody (1:500) were purchased from Santa Cruz Biotechnology (USA) and Dako (USA), respectively. The following secondary antibodies were used for fluorescent labeling: goat-anti-mouse IgG-HRP sc 2005 and goat-anti-rabbit IgG-HRP sc 2004 (both 1:10000; Santa Cruz Biotechnology, USA); and AlexaFluor 488 (1:100) and goat-anti-Mouse IgG (H + L; 1:100) (both from Invitrogen Molecular Probes, USA). Nuclear staining was performed in the dark with DAPI (1:1000; Invitrogen Molecular Probes, USA). Embryos were rinsed twice and washed in the dark three times (5 min each) with 1× PBS. Images were taken on a Zeiss 135M fluorescence microscope or/and Zeiss LSM 510 confocal microscope using 20× air, 40× air, and 100× oil objectives. Data analyses were performed using ImageJ and Photoshop software.
For immunofluorescence analysis, 25 wild-type early embryos (2 and 4 hpf) were fixed with 4% paraformaldehyde overnight with constant agitation, washed in 1× PBS, and blocked with 2% BSA. For full protocol details, see Fernández and Fuentes (2013) . For western blot analysis, protein extracts from 20 early embryos were homogenized in a protein extraction buffer (50 mMTris pH 6.8, 10% glycerol, 5% 2mercaptoethanol, 3.5% SDS, and 0.2 mM PSMF) and resolved through 12% acrylamide SDS page electrophoresis followed by a immunoblot procedure.
Biochemical analysis
Cytoplasm extracts were obtained from 4 hpf zebrafish early embryos (n = 100) through homogenization in a lysis buffer (50 mM Hepes pH 7.6, 1 mM EGTA, and 100 mM KCl) supplemented with a protease inhibitor cocktail (Complete; Roche, Switzerland). Homogenization was followed by centrifugation at 15,000 ×g for 30 min. For γ-tubulin oligomeric state analysis, a modified protocol from Moritz et al. (2000) was used. Specifically, sucrose was replaced by glycerol in the density gradients for better compatibility with tubulin polymerization. For microtubule nucleation experiments, chicken α/βtubulin was purified according to Arbildua et al. (2006) and Gutierrez et al. (2015) . Microtubule polymerization assays were performed in a polymerization buffer (50 mM MES pH 6.8, 0.5 mM EGTA, 6 mM MgCl2, 0.1 mM GTP, and 10% glycerol). Polymerization was temperature-induced at 37°C, and the reaction was stopped at 4°C. For microtubule precipitation experiments, the samples were centrifuged at 15,000 ×g during 10 min. The presence of tubulin or γ-tubulin in the pellets and supernatants was detected by western blotting and SDS-PAGE stained with Coomasie Blue.
BrdU incorporation and whole-mount TUNEL staining
For BrdU incorporation, 4 hpf embryos (n = 30) were treated for 1 h with pulses of 10 mM BrdU (Merck, USA) dissolved in E3 medium. Immediately after pulsing, the embryos were fixed in 4% PFA-PBS overnight at 4°C. Fixed embryos were treated with proteinase K for 20 min and re-fixed in 4% PFA-PBS. These samples were then treated with 2 N hydrochloric acid for 1 h, rinsed with PBS-T, and blocked with 2% BSA. Larvae were assayed for whole-mount TUNEL staining using an in situ cell-death detection kit (Roche Diagnostics, Germany). The TUNEL assay was performed according to Kozlowski et al. (2005) .
